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Abstract ’ In nanostruclured materials and devices, the basic principle lies in geometric confinement and pioxiinity effects, which ate ,si/e-ieluted 
cjuantuni efiects 1'he former can be realized in two-dimensional, one-dimedsionai or zero dimensional confinements as can be lespectivcly seen in 
epitaxial interfaces/cjuanlum wells, quantum wires and quantum dots While the latei can be found in atomically engineered array of quantum dots on 
some substrate, or multilayers (superlattices) of alternate metallic (scmi-conducling) A/B planes In this papci, I shall discuss how fiisl-pnnciplcs 
density functional calculations can be used to probe such nanostructures In particular. I shall focus on magnetic multilayers where confinement of 
electrons in a quantum well formed in the nonmagnetic layer by the spin-dcpcndcni potentials of the magnetic layers gives use to the (JMR effect which 
IS cxplmtcd in the magnetoclectroiiic devices Two of the most widely studied magnetic multilayer systems vi: Ni/('u and Fc/Ci will be taken up as case 
studies
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1. Introduction
Nanoscale materials are broadly, rather somewhat loosely, 
defined as that class of materials which has one or more physical 
dimension smaller than 100 nanometer (/.e. 0.1 By this 
yardstick, there are several examples of nanomaterials starling 
from integrated circuits to magnetic recording and memory 
devices to quantum dots and wires [1]. Structures in the 
nanometer dimension are fundamentally different because they 
f all in the domain of quantum length scale. Properties of materials 
depend not only on their crystal structure, chemical composition, 
thermodynamics phase, but also on their size and dimensionality. 
It IS well known from dimensional considerations that electronic 
density of states has different energy dependencies in 3D, 2D, 
ID and OD. Therefore there are also related differences for the 
Fermi energy, Fermi wavevector, and so on. These dimensionality 
effects play important roles in various areas of science. Size- 
dependent evolution of properties from molecular to condensed 
(bulk) phase is getting increasing attention in this field of 
nanomaterials. For example, in metallic multilayers exhibiting 
novel magnetic properties, the electron exchange length 
governing cooperative magnetic response is -  few lattice 
spacing ( -  nm). Similarly, in semiconductor nanostructure, 
quantum dots etc, the spatial dimension may go to -  a few tens 
of nm. Recently IBM researchers [2] have reported producing 
transistors out of carbon nanotubes that can outperform similar
silicon transistors, thereby breaking the physical barrier of 70 
nm width of gate electrode that is expected to occur in this 
decade, 'fhe ability to fabricate such nanostructures coupled 
with the advent of highly powerful atomic scale simulation 
technique have contributed to the proliferation of this field of 
nanoscicnee and nanotechnology. Precise control and 
manipulation in the atomistic level to create novel structures 
with unique physical and chemical properties, require a deep 
understanding as to how they originate. There are two distinct 
approaches to produce nanoscale materials [ 3] viz. (a) ’top-down' 
approach i.e. to etch or machine small features into an existing 
structure using techniques such as STM, AFM, electron beam 
lithography etc. and (b) 'bottom-up' approach i.e. build up tiny 
structures from even smaller molecular components via chemical 
self-assembly, molecular beam epitaxy etc. It is particularly this 
later approach that gets complimented by computer simulation 
and modeling where the nanostructure is generated atom by 
atom, molecule by molecule, plane by plane.
We are going to address here a specific class of 2D 
nanostruclured material where the confinement is only along 
one direction. Epitaxial interfaces, polytypes, multilayers, 
superlattices and quantum well structures all fall within this 
broad class of nanostructures. Semiconductor superlattices for 
example, intrcxluccd by Esaki and Tsu (4] arc man-made periodic 
structures consisting  o f th in  a lternate  layers o f two
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semiconductors which may or may not have matching lattice 
constants. In these periodic structures, the layer thickness is 
typically of the order of a few nanometers (less than electron 
mean free path but greater than the interactomic spacing). A 
number of well developed sophisticated techniques such as 
molecular beam epitaxy, m etal-organic chemical vapor 
deposition, laser ablation etc. have been deployed for growing 
such systems. In this paper wc shall discuss the problem ot 
metallic multilayers where the magnetic coupling between two 
magnetic layers separated by a non-magnetic metallic spacer 
layer gels manifested due to confinement of electrons m the 
quantum well. 1'herc is an interesting interplay between 
confinement and proximity effects in these systems.
2. Methodologies for nanoscale simulations
Computer simulation plays the crucial role of explaining 
(producing meaningful numbers) as well as predicting the 
experimental result, and also helps narrowing down the various 
experimental pt^ssibihties. It is a theoretical challenge to simulate 
physical properties, such as electronic, magnetic, phononic, 
optical, transport etc. of nanoscalc materials |51, because of 
several reasons.
(a) The w ell-established A-space band structure 
techniques as applied to ordered or chemically 
disordered solids can not be straight-forw'ardly 
extended to spatially confined systems where the 
periodicity is essentially broken |61. There are, of 
course, some favorable cases that arc amenable via 
supercell band structure approach, as will be 
considered in the follow ing section of this article.
(b) The highly accurate quantum chemical methods [7| 
used for molecular systems become unmanageably 
heavy to be applied to nanomaterials involving 
hundreds or thousands of atoms.
(c) Approaches based on fragmentation of a system into 
smaller subsystems whose wave functions, electron 
densities and total energies are judiciously joined 
together, have limited applicabilities; e.f>. such 
approach has been successfully applied to some 
prototype biological systems |8,9].
(d) Combined classical-quantum approaches, where the 
appropriate quantum mechanical equations arc solved 
in the so-called ‘active region' while the 'surrounding 
environment' is treated classically |i0 ], are having 
limited accuracy-cum-applicability as of today.
(e) The evolutionary search approach combined with 
first-principles calculations, which was successfully 
applied to narrow down the number of 'experiments' 
needed for the development of new superalloys 1 i 11, 
is yet to be attempted on functional nanomaterials.
While there is no unique prescription for simulatiru- 
nanoslruclured systems, one should keep in kind two conflictino 
requirements viz  ^ the size of the system (i.e. number of atoms) 
and the level of accuracy required (in say total energy or forc^) 
Computational effort increases with either of these two. There 
are three broad classes of methods with decreasing levels nt 
sophistication viz. (a) Hartrec-Fcx^k (HF) or quantum monte carlo 
(QMCT or density functional (DFT) based ab initio methods, 
which can handle 10*--10“ atom, (b) semi-empirical tight-bindmo 
methods which can handle 10“~J0'^ atoms and (c) embedded 
atom or effective medium approaches which can handle > 10' 
atoms. Here, wc shall focus on local density functional 112-14| 
ba.sed electronic structure methods which are supposed to he 
the most versatile and reasonably accurate. In particular, the 
light-binding LMTO method [ 151 is an idea! loo! for treating 21) 
nanostructure system s such as epitaxial interfaces and 
multilayers that can be modeled using large supercells wnlh low 
symmetry [ 16J, bbr a simplified description of this approach and 
Its usefulness in fiist-principle design of materials including 
hetcro-interfaces, the reader is referred to two recent reviews 
[17,18J.
In any multilayer structure formed by sequentially growing 
two or more solids, the electronic structure is perturbed locally 
near the interface, w'hile it reduces to that of the individual solids 
a few layers away from the interface. Due to charge translei 
between the two solids, an interface induced dipole is created 
leading to an energy linc-up of the two band structures. The 
dipole IS defined as the difference between the two asymptotic 
values of the average point-charge potential at both sides ot 
the heterojunctions i.e. D ~ V(< )^ -  V( --<»). In order to estimate 
the band offsets in semiconductor heterojunctions or Schottkv 
barrier heights m metal/semiconducior interfaces, the calculation 
of this interface induced dipole is very crucial [ 16,19]. Howevei, 
for metal-metal contacts, this problem is relatively simple because 
both dielectric constants are infinite so that no long-range dipole 
can exist in the system, and the two Fermi levels only should 
align in order to ensure local charge neutrality [20].
X Metallic multilayers
In teresting elec tron ic , m agnetic , o p tica l, e lastic  and 
superconducting properties get manifested when two or more 
metals form multilayer structure 121]. However, the most startling 
discovery was giant m agnetoresistance (GMR) in Fe/Cr 
multilayers |22J. The phenomenon of GMR gets manifested in 
thin ferromagnetic (FM) layers (A = Fe, Co, Ni) separated by 
non-magnetic (NM) or anti ferromagnetic (AI"M) metal interlayers 
~ where m and n are the corresponding number
ol atomic layers. The spacer layer couples to the otherwise FM 
layers via the RKKY superexchange resulting in AFM ordering 
of magnetic layers, and it is the AFM coupling that gives rise to 
GMR (23,24J. The basic principle of GMR is schematically 
illustrated [25] in Figure 1. At zero field, magnetization of F layers 
are anti-parallel (AP) due to non-local exchange coupling.
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Figure 1. Origin of GMR in Icrms of spin-dcpemicnl election scattering 
At zero magnetic field the magnetizations in the multilayer must he 
.iligned anti-parallcI as in (b), but can be switched by a weak applied t'lcUl 
to a parallel orientation as in (a). The equivalent resistance ciicuits 
iDiTcsponding to the situation (a) and (b) lin the top panel|. arc given in 
ir) and (d) respectively I in the bottom panel |
Application of an external field forces the magnetization of 
the F layers to be oriented in parallel (P). When the AP-alignment 
i)t the adjacent layers at zero field is changed to a P-alignment 
by an external magnetic field, there is a drop in electrical 
resistivity known as magneioresistance (MR). In terms of the 
equivalent resistance, schematically shown in Figure 1,
^Af» 2R,R ,
MR =
R'‘
areThus GMR is defined as <jp -  / cr,,, where Gp and G
the conductivity of the parallel and anti-parallel configurations 
respectively.
We shall hrielly review the results of our self-consistent 
supercell electronic structure calculations on Fe/Cr and Ni/Cu 
are two of the most widely investigated magnetic multilayers 
because of their technological implication. Also these two 
systems have also been studied as model systems since they 
raise interesting fundamental questions, as will be discussed 
below.
L Ni/Cu multilayer :
Ni/Cu IS an interesting model system [26] both from application 
and fundamental point of view. It was first demonstrated by 
Bird and Schlesinger [27] that if the thickness of Cu is suitably 
adjusted inelectrodeposited Ni-Cu multilayers, then the ground 
t^ale is AFM instead of being FM. There was some controversy 
about the existence of magnetically dead Ni layers at the 
interface, which was first addressed by Jarlborg and Freeman 
In order to understand from first-principles the exact nature
of the interlayer magnetic coupling and GMR in the Ni/Cu( 100) 
system, we have carried out spin-polarized (both FM and AFM 
states) band calculations using TB-LMTO method (29j.
The conductivity of the parallcl/anti-parallel configurations 
ot the multilayer, can be calculated using semiclassical 
Boltzmann equation under relaxation time approximation
Here is the group vcl(K*ity, r  is the relaxation time, v'^and f , 
ire Fermi velocity and Fermi energy respectively. Summation is 
iver the wave-vector k. Neglecting A-depcndcnce of r . the 
ibm'e equation can be simplified as,
^^ AP(l»)'^ AP(P) )i’j r
where D(f j ) is the Fermi level state density. Since the electron 
mean free path for Cu (-93 A) is more than the spacer Cu width, 
the Ni/Cu multilayer is expected to show in-plane GMR due to 
interface scattering effects.
The Ni^ C^u^  ^( iOO) multilayer system has been modelled |291 
by varit)Lis (/;/ + n) supercells having body centered tetragonal 
(bet) structure. wSiartmg from (3+3) supercell, the number of Ni 
and Cu layers have been progressively increased to form (74 5) 
and (5+7) supcrcells. Although Ni and Cu have a lattice mismatch 
of -2.57r we have chosen the nearest neighbour Ni-Ni, Cu-Cu 
and Ni-Cu distances to be same (viz. 2.49 A), thereby neglecting 
any possible structural relaxation. Since all the structures under 
consideration are closed packed, the atomic spheres overlaps 
(<157^) ate well within the permissible limit of ASA. The site -  
as w'ell as spin-projected DOSs obtained for the different 
supercclls reflect a lot of detailed features of the electronic 
structure of this system. From the total ground stale energies of 
the supcrcells calculated for both spin-averaged and spin- 
polanzed configurations, we have estimated the magnetic 
interaction energy (meV/atorn), defined as
£  spina\ ^  ^ ^ supercell. For AFM
State, the values turn out to be -14.0, -28.3 and -25.3 meV/ 
atom respectively for (3+3), (7+5) and (5+7) supercell. The 
corresponding numbers for the FM state are comparable 
(although these turn out to be consistently higher in magnitude) 
within the error bar of our present calculations, 'fhesc results 
tend to indicate that AFM ordering is one of the possible ground 
state for Ni/Cu system and also that the magnetic interaction 
energy for (7+5) supercell is the lowest implying highest relative 
stability.
Since the A1"M state is particularly of interest from the point 
of view of manifestation of OMR, we have studied the variation 
of charge transfer and magnetic moment with increase m 
multilayer thickness. As expected, the central layers for Ni and 
Cu in (5+7) and (7-h5) cases simulate bulk values of charge 
transfer (Figure 2a) and magnetic moment (Figure 2b) in contrast 
to the (3+3) case. The Ni layer right at the interface gam a 
significant amount of charge at the cost of its neighboring Ni as
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well as the interfacial Cu layer. As one goes deeper into the Ni 
layers, the excess charge tend to show Friedel oscillations, while 
the magnetic moment does not; this is in confirmation with the 
earlier findings of Jarlborg and Freeman |28J. As required for a 
RKKY supercxchangc, the Cu layers do show a slight charge 
polarization and magnetic moment, for the eventual AFM 
ordering between the Ni layers. Also the interface Ni layer has a 
lower magnetic moment (0.37 than that of the bulk-like layer 
(0.6 jiB), as expected.
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Figure 2. Antiferromagnelically coupled Ni/Cu(I()0) multilayer : 
(a) charge transfer and (b) variation of magnetic moment as function of 
layer thickness.
For the (3-f3), (7-f5) and (5-i‘7) Ni/Cu multilayers, our 
calculated in-plane {i-p) GMR values are 24.18,41.21 and 29.90 
respectively, while the perpendicular to the plane (p-p) GMR 
values are 37.05,69.11 and 58.76 respectively [29]. Our results 
show the same trend as other multilayer GMR systems [261. The 
calculated values overestimate the measured values, performed 
on electrodeposited multilayers [27J. This is partly due to the 
idea! m ultilayer m odel chosen and partly  due to the
simplifications incorporated in solving the Boltzmann 
conductivity expression used in our calculation of conductivity
S.2. Fe/Cr multilayers :
Incommensurate spin density wave (SDW) in bulk Cr gi;( 
affected when several layers o f Cr are embedded withm 
ferromagnetic Fe layers in Fe/Cr multilayer system 130| 
Experimental studies using perturbed angular correlation and 
neutron diffraction are not conclusive for thin Fe/Cr multilaycis 
X-ray circular dichroism results were explained with a model 
where only Cr atoms close to the Fc interface acquire a significant 
magnetic moment. Another technique, scanning electron 
microscopy with polarization analysis has been used for thin ( i 
layers but is unsuitable for epitaxial Fe/Cr multilayers since l e/ 
Cr wedges are u.sed in this experiment. It is only recently that a 
non-m agnetic M dssbauer probe viz. “ ^Sn (unlike the 
conventional probe), has been used as a monolayer 
embedded inside thin Cr layers of Fe/Cr multilayers (Le. Fe/(’i/ 
Sn/Cr multilayers), in order to obtain complementary information 
about the magnetic hyperfine structures [31J. A large magnetn. 
hyperfine field of 13T was observed at the Sn nuclear sites in 
Cr(5.0 nm)/Sn( IML) multilayers, indicating that the magnetit 
ordering temperature of the Cr layers is much higher than the 
Neel temperature of bulk Cr (i.e. 311 K). It was not clear wheihei 
any magnetic moments were induced on the Sn atoms, which in 
turn convoluted the results for the Cr atoms.
Recently Fe/Cr/Sn/Cr m ultilayers were grown with a 
monolayer of '"'Sn that serves as nonmagnetic Mcissbaun 
probe inside Cr layers. For thin Cr layers, it was found that the 
quantum size effect will be prominent and that it will change iht 
magnetic property of Cr 131 ]. Detailed investigations have been 
carried out [32-34] to explain the decrease in Cr magnetism with 
decrease in the Cr layer thickness ranging from ~2 to 30 
sandwitched between Sn and Fe layers. We have carried out 
TB-LMTO band structure calculations [32[ of the nML (n 
varying from 15 to l)C r layers forming multilayers with IMI .Sn 
layer, in order to explain the decrea.se in Cr magnetism with 
decreasing thickne.ss of the Cr layer. In case of Fe/Cr multilayei, 
since Fe and Cr are almost lattice matched, one can chtxise bulk 
Cr experimental lattice constant 2.88 A as the in-plane lattice 
constant, while, the out-of-plane distance for both Cr-Cr and 
Fe-Cr are chosen as 1.44 A Le., half of the bulk Cr lattice constant. 
For Cr/Sn multilayers, the in-plane equilibrium lattice constants 
were determined by minimizing the total energy of the supercell, 
keeping the out-of-plane lattice constant fixed at experimental 
value 1.57 A. The later value between Cr and Sn layers, ha.s 
been arrived at by Mibu era/ [31 ] by measurement of structural 
relaxation. The interplaner separation between Cr layers has 
been taken as 1.44 A which is half of the Cr lattice constant. The 
average Sn layer energy per atom when plotted as a function ol 
the number of Sn layers shows a clear change of the slope at 3 
Ml,-Sn, which corresponds to 6 A Sn. It can be related with the 
experimental observation that when Sn layer thickness is set at
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6 A, it looses structural coherency with Cr layers, and P-Sn 
begins to grow in island growth mode. This inference can be 
validated by more elaborate total energy calculations.
Figure 3 shows the layer projected DOS (LP-DOS) for Sn/Cr 
multilayer system with 15 Ml. Cr layer width and only 1 MLSn
Figure 3. Calculated LP-DOS for Cr (15 ML)/Sn (1 ML) system, (a) The 
inicrfacc Cr layer (b) Next to the interface Ci layer (c) The Cr layer at 
ihc centre of the multilayer structure Majority and minority pins are 
plotted on upper half and lower half of the each graph, respectively.
layer width. From Figures 3(a), (b) and (c) one could see how 
the basic features of the electronic structure changes while 
going from central bulk like layer to interfacial layer. Although 
the main features of the bulk Cr remains unaltered in the central 
layer (Figure 3(b)); the peaks close to the Fermi energy becomes 
sharper and new peaks appears whose strength increases while 
going to the interface layers. Theses are due to the localized 
mterface states. Interface states appear both in majority and 
rnSnority spin LDOS. The sharp peaky nature of the LDOS below 
0,^Ry from the Fermi energy is due to the presence of strain 
within the multilayer. At the interface (Figure 3(a)) the LDOS 
stfucture is completely different from that of the bulk Cr because 
oireduced symmetry of the interface and the covalent bonding 
b^ween interface Cr layer and adjacent Sn layer. The LDOS 
shows large antibonding states slightly below and above the 
Fermi energy due to the presence of this Sn layer.
Covalent bonding between 5.y orbital of Sn and orbital of 
Cr is responsible for this antibonding stales. For majority spin 
almost half of the rf-band which also includes the antibonding 
states are filled with electrons but for minority spin most of the 
electrons of the antibonding stales are empty. The large magnetic 
moment is due to the appearance of large number of localized 
interface states and also due to the presence of Sn atoms as 
nearest neighbors.
It is seen that the Sn layer acquired some magnetic moment; 
which is one order of magnitude smaller than that of the adjacent 
Cr layers and its spin direction is ferromagnetically aligned with 
Cr layers. Hence the three layers at the interface Cr/Sn/Cr are 
ferromagnetically aligned which enhances the magnetic moment 
of interface Cr layer. The increase in density of states at the 
Fermi surface also indicates the ferromagnetic ordering [351. In 
order to ensure the origin of the interface slates, we have 
performed calculation on Fe/Cr multilayer and have compared
Figure 4. Calculated LP-DOS for Cr (4 ML)/Sn (1 ML) and Fe (3 ML)/Cr (3 ML) multilayer systems. Cr ci band at the (a) 
interface layer in Cr/Sn, (b) central layer in Cr/Sn, (c) interface layer in Fe/Cr, and at the (d) central layer in Fc/Cr.
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the LDOS of the interface Cr layers in the two cases viz. Fe/Cr 
and Cr/Sn multiplayer systems. Figure 4(a), and (b) show the 
LDOS for Cr (4ML)/Sn (IML) and in 4(c) and (d) show the LDOS 
for Fe (3 ML)/Cr (3 ML). It is cleanly seen that the interface 
states, which are present in the Cr/Sn multilayer arc absent in 
Fc/Cr multilayer. This is expected, because during growth of Fe/ 
Cr multilayers, Cr atoms diffuse within the Fe layers easily 
thereby prohibiting the formation of interface state. For this 
reason it becomes possible to grow monolayer Sn but not of Fe, 
over multilayers of Cr. In Cr (4 ML)/Sn ( I ML) multilayer, the 
interface states are stronger than those states appearing for 
larger Cr thickness (Figure 4). This is expected because in the 
former case, strain in the interface is much larger than the later 
multilayers. In both the cases, large number of antibondmg states 
are seen which form a broad hump-like structure near Fermi 
energy. For smaller layer width of Cr, the reminiscence of the 
interface and antibondmg states are still present in the central 
layer and hence the magnetism of the Cr layer gets reduced. 
The states arise due to bonding of 3d valence electrons of Fe 
and Cr are much different from those arising due to bonding 
between 5.v and 3d electrons of Sn and Cr. The difference between 
the spin polarization of Sn and Fe gets reflected on the 
antibonding stales of the interface Cr layer. For Fe/Cr, these 
states alter majority spin electrons much more than minority 
spin electrons and the result is antiferromagnelic coupling of Fc 
with Cr.
Figure 5 shows that the local magnetic moments on different 
Cr layers in Cr (n ML)/Sn (1 ML). The magnetic moments of Cr in 
for Fc (3 ML)/Cr (3 ML) system are similar to that in Cr (4 ML)/ 
Sn (1 ML) system, so it is not shown separately. It is seen that at 
first when Cr layer thickness decrea.ses from 15 ML to 8 ML, 
interface magnetic moment increases by about 12% which is in 
agreement with the H% increase in magnetic hyperfine splitting 
in the M()ssbauer experiment. A detailed calculation of the 
hyperfine field at the Sn site has been done by [34], in order to
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Figure 5. C'alculaicd local magnetic momcni.s of a Cr atom for Cr (// 
ML)/Sn (I ML) multilayers. Open circle: tt == 15, open square n ^ 8. open 
diamond; n = 4; magnetic moment of every alternate atoms is connected 
with dashed lines to show the antiferromagnetic order in the Cr layer. N = 
1,15 in the Cr (15 ML)/Sn (I ML) are interface Cr layers. « = L8 in Cr <8 
ML)/Sn (1 ML) are interface Cr layers: and 1,4 in Cr (4 ML)/Sn (I 
ML) arc interface Cr layers
establish the relationship between increase in magnetic moments 
and increase in hyperfine splitting. When the Cr layer thickness 
further decreases, the interaction between Sn-Sn appears (He 
Fe in case of Fe/Cr multilayer) and due to destructive interference 
in the reminiscent interface states from both ends o| l|^ ,^ 
sandwitched Cr layer the magnetic moments of the thin Cr layers 
decrease and become zero at 1 ML thickness. All throughout 
the structures from 15 ML to 4 ML, commensurait. 
anti ferromagnetic structure have been observed, which is m 
agreement with the experimental results.
4. Concluding remarks
In spite of some of its well-known limitations, local densiis 
functional theory is the unchallenged work-horse foreleciroD,, 
structure calculation of matcnals. It is computationally 
demanding compared to Hartree-Fock (IIF) based or quantuin 
Monte Carlo (QMC) based calculations, and provide results tui 
bulk solids, surfaces as well as nanostructured materials. 
the present day high perform ance com puters, ab imti, 
calculations can be performed on systems containing a few I0( 
atoms at the most, which amounts to length scales of i\ few 
nanometers. This is inadequate to probe, for example, no\e 
phenomena that are exhibited in semiconductor structures .i 
carrier lengths of tens of nanometers. For such realistic si/O' 
(N -  10 )^ one has to invoke 0(N) procedures whcie th; 
computational time scales linearly with the system si/e Theri 
have been several 0(N ) approaches that have been desciiha 
in the literature. [36,37] Tight-binding methods [38] arc idealh 
suited in the size range of a few thousand atoms. Beyond this 
one has to go for some effective medium approach [39[ Thi 
density functional molecular dynamics methods, popiilaih 
known as Car-Parrinello (CPMD) method [40], is heini 
extensively used for studying the structure and dynamics o 
various nanostructured materials. Here, the forces on the atom 
are derived "on the fly" from the instantaneous ground siaicc  
the electrons, obtained via .self-consistent solution of the man\ 
electron Schrodinger equation. Such CPMD techniques extern 
our capabilities to investigate nano- as well as bio-m atenai 
having unknown structure and bonding.
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